Abstract. The objectives of this study were: 1) to compare drought responses between the more recently developed creeping bentgrass cultivars to standard cultivars and 2) to determine differential drought tolerance and avoidance characteristics associated with cultivar variation in drought resistance. Six cultivars of creeping bentgrass (Agrostis stoloniferia) ('Penn A-4', 'Independence', 'Declaration', 'L-93', 'Penncross', and 'Putter') were maintained in growth chambers at 20 8C day/15 8C night either well-watered or exposed to drought stress by withholding water for 17 days. Cultivars varied in turf performance and physiological responses (leaf relative water content and photochemical efficiency) to drought stress, which was reflected in their differences in drought tolerance (osmotic adjustment) and drought avoidance traits (water use rate and efficiency, root viability, root length, and number). 'Penn A-4,' 'Independence,' and 'L-93' generally performed better than other three cultivars under drought conditions, mainly through maintaining higher water use efficiency, root viability, root elongation, or root production. The majority of physiological parameters evaluated suggested that of the six creeping bentgrass cultivars examined in this study, the three cultivars with better ability to survive drought stress used mainly avoidance traits related to water use and water uptake.
In response to drought stress, plants develop various adaptive mechanisms, including drought tolerance and avoidance strategies (Nilsen and Orcutt, 1996) . Plants may avoid drought stress by maintaining favorable water status under drought either by increasing the capacity for water uptake of roots or reducing water loss from leaves. Previous studies with turfgrass species have shown that extensive root systems and root viability contribute positively to water uptake and thus, plant survival of drought through avoiding water deficit (Bonos and Murphy, 1999; Huang et al., 1997; Jiang and Huang, 2001; Sheffer et al., 1987) . Some plant species are able to tolerate low water content in plant tissues, exhibiting growth and maintenance of metabolic processes even under cellular water deficit. Drought tolerance may be accomplished through various mechanisms such as osmotic adjustment (OA), which involves accumulation of solutes to maintain cellular turgidity. Drought tolerance has been positively correlated with OA in many species, including turfgrasses (DaCosta and Huang, 2006; Qian and Fry, 1997; White et al., 1992) .
Interspecific variation in drought survival strategies have been demonstrated in previous studies. Some turfgrass species such as buffalograss [Buchloe dactyloides (Nutt.) Engelm.], seashore paspalum (Paspalum vaginatum Swartz), and tall fescue (Festuca arundinacea Schreb.) have been found to exhibit drought avoidance characteristics associated with enhanced root extension deeper in the soil profile for greater extraction of water (Carrow, 1996; Ervin and Koski, 1998; Huang, 1999; Huang et al., 1997) . Drought tolerance traits such as osmotic adjustment have been exhibited in grass species like creeping bentgrass (Agrostis stolonifera L.) (DaCosta and Huang, 2006) , Kentucky bluegrass (Poa pratensis L.) (Perdomo et al., 1996) , and zoysiagrass (Zoysia japonica Steud.) (Qian and Fry, 1997) . Regardless, adaptation of specific plant species to periods of drought stress is not limited to the use of a single mechanism, but can use both avoidance and tolerance traits as a means to survival (Nilsen and Orcutt, 1996) . Any specific mechanism may be influenced by a variety of factors, including both the amount and length that water is withheld as well as specific genetic variation in both species and cultivar. Although differential drought resistance strategies have been studied extensively among species, limited research has been conducted to examine cultivar variation in drought tolerance and avoidance characteristics. Genetic differences among cultivars in drought tolerance or avoidance traits could be exploited by turf breeders as selection criterion in breeding programs working toward improved drought resistance.
Creeping bentgrass is a widely used coolseason turfgrass species on golf courses. Breeding efforts in recent years have led to the development of creeping bentgrass cultivars with improved turfgrass quality characteristics and greater biotic and abiotic stress tolerance (Bonos et al., 2004; Engelke et al., 1995) . Newer cultivars such as 'Declaration', 'Independence', 'Penn A-4', and 'L-93' have been used widely on golf courses. However, little is known of the improvement in drought performance of these newer cultivars relative to older standard cultivars such as 'Penncross' and the mechanisms they use in the adaptation to drought stress. The objectives of this study were: 1) to compare drought tolerance among the more recently developed creeping bentgrass cultivars with other standard cultivars and 2) to determine differential drought tolerance and avoidance characteristics associated with cultivar variation in drought resistance.
Materials and Methods
Plant materials. Sod pieces of six cultivars of creeping bentgrass (Agrostis stoloniferia L.) ('Penn A-4', 'Declaration', 'Independence', 'L-93', 'Penncross', and 'Putter') were transplanted from field plots into polyvinyl chloride tubes (10 cm diameter and 40 cm length) filled with sterilized sandy loam soil (50% fine-loamy, mixed mesic Typic Hapludult; 50% sand). Plants were maintained in a greenhouse under 10 to 12 h natural light conditions and temperatures of %21°C day/13°C night for 3 months in the winter of 2006 to 2007 and then moved to a walk-in growth chamber where treatments were imposed. The growth chamber was maintained at 20°C day/15°C night, 70% humidity, 12-h photoperiod, and photosynthetically active radiation of 450 mmolÁm -2
Ás
-1 at canopy height. Plants tubes were watered three times per week to maintain soil moisture at field capacity. Tubes were watered until collection containers underneath each tube had water fill into them, giving us the reasonable assumption that field capacity was reached. Plants were fertilized weekly with 100 mL of a soluble 20-20-20 Treatments and experimental design. The six cultivars were exposed to two soil water treatments: 1) well-watered control: plants were watered every other day to soil reaching field capacity; and 2) drought stress: irrigation was withheld for 17 d. Each treatment was replicated four times in space (different containers). The cultivars and treatments were arranged as a randomized complete block design in the growth chamber (a total of 48 containers). Repeated measurements were made on four replicates for each treatment. Statistical significance of data was tested using the analysis of variance procedure (SAS Institute, Cary, NC). Differences between treatment means were separated by Fisher's protected least significance difference test at the 0.05 P level.
Measurements. Water use characteristics were evaluated by measuring soil volumetric water content (VWC), leaf relative water content (RWC), evapotranspiration (ET), and osmotic potential (y S ) when plants were well watered (y p100 ). Measurements were taken on a weekly basis. Soil volumetric water content in 0-to 20-cm soil depth (where most roots are located in turfgrass) was measured with the time domain reflectometry method (Soil Moisture Equipment, Santa Barbara, CA) using a 20-cm long probe inserted in the top 20 cm soil. Relative water content was calculated using the formula: 100 * [(FW -DW)/(TW -DW)], where FW is leaf fresh weight, TW is leaf turgid weight, and DW is leaf dry weight after oven-drying leaf samples for 72 h at 100°C. Turgid weight was determined as weight of fully turgid leaves after soaking leaves in distilled water in the refrigerator for 24 h. Evapotranspiration rate was determined by the gravimetric mass balance method. Pots were weighed every 24 h to calculate the total water lost through comparison of differences in weight between the two measurements.
Osmotic adjustment (y p100 ) was determined according to the rehydration method, in which y p100 of leaves was determined after soaking in water for full rehydration (Blum, 1989; Blum and Sullivan, 1986) . Turgid leaf samples were frozen in liquid nitrogen and subsequently stored at -20°C until analysis of leaf y S . Frozen tissue samples were thawed and cell sap was pressed from leaves, which was subsequently analyzed for osmolality (C) (mmolÁkg -1 ) using a vapor pressure osmometer (Vapro Ó Model 5520; Wescor, Logan, UT). Osmolality of cell sap was converted from mmolÁkg -1 to y S (MPa) using the formula: MPa = -C · 2.58 · 10 -3
. Osmotic adjustment was determined as the difference in y S between well-watered and droughtexposed plants.
Plant tissue was sampled for carbon isotope analysis at 14 d of treatment. Leaf tissue was dried at 80°C and ground to a powder to pass through a 40-mesh screen. Carbon isotope composition (d 13 C) was analyzed by Augustana College, Biology Department, Sioux City, SD. A more detailed description on carbon isotope analysis and theory were reported in Smedley et al. (1991) and Ebdon et al. (1998) .
Turf quality was visually rated on a scale of 1 to 9 with a rating of 1 being a completely desiccated brown turf canopy and a rating of 9 representing healthy plants with dark green, turgid leaf blades, and a dense turf canopy (Turgeon, 1999) . A rating of 6 was considered the minimal acceptable turf quality level.
Leaf photochemical efficiency was estimated by measuring the variable to maximum fluorescence ratio (F v /F m ) in the nonenergized state accomplished by exposure to darkness. Measurements were made of intact leaves with a chlorophyll fluorescence meter (ADC BioScientific, Hoddesdon, UK) after plants were adapted to darkness for 30 min.
After the treatment period, all roots in each container were washed free of soil. Root viability was determined using a representative sample from each container and measuring dehydrogenase activity with the triphenyltetrazolium chloride (TTC) reduction technique (Knievel, 1973; McMichael and Burke, 1994) . A different representative sample from each container was digitally imaged using WinRhizo 2002 computer software (Regent Instruments, Quebec, Canada). Total root length and total number of roots were determined using the WinRhizo 2002 program.
Results
Turf quality and leaf photochemical efficiency. Turf quality was maintained at %8.0 throughout the treatment period in all cultivars with no cultivar variations under well-watered conditions (Fig. 1) . Under drought stress, turf quality exhibited a steady decline, and the rate of decline varied between cultivars. All cultivars exposed to drought maintained acceptable turf quality (6.0 or higher) within 7 d of drought stress. By 14 d of drought, only 'Penn A-4', 'L-93', and 'Penncross' maintained acceptable quality, and 'Penn A-4' had significantly higher turf quality (7.0) than all other cultivars except 'L-93' (6.5); 'L-93' had significantly higher turf quality than 'Declaration' (5.75), 'Independence' (5.75), and 'Putter' (5.25). By 17 d of drought stress, turf quality of all cultivars declined to below the acceptable turf quality level; 'Penn A-4' and 'Independence' had significantly higher turf quality than 'Declaration', 'Penncross', and 'Putter' but did not differ from 'L-93'.
Well-watered plants maintained constant leaf photochemical efficiency (F v /F m ) throughout the duration of the study with no significant differences between cultivars on any days of treatment (Fig. 2) . In droughtstressed plants, F v /F m was maintained at the well-watered control level during 7 d of treatment but declined to below their respective control level by 14 d of treatment in all cultivars, with the exception of 'Penn A-4', in which F v /F m was not different from the control. At 7 and 14 d of drought, 'Penn A-4' had a significantly higher F v /F m than all other cultivars. 'Independence' and 'L-93' had a significantly higher F v /F m than 'Putter' at 14 d of drought stress. At 17 d of drought, no significant differences in F v /F m were observed between cultivars.
Plant water relations. Soil VWC of pots was %20% at study initiation with no differences between treatments (data not shown). At the study's conclusion (17 d), soil volumetric in well-watered plants remained %20%, whereas all drought-exposed plants had VWC below 5%. Leaf RWC of well-watered plants averaged %90% throughout the treatment period with no significant differences among cultivars (Fig. 3) . Under drought stress, significant declines in RWC were observed by 14 d, dropping to below 50% in all cultivars. At 14 d of drought stress, 'Penn A-4' and 'Independence' had significantly higher RWC than 'Penncross' and 'Putter'. At 17 d of drought stress, 'Independence' had significantly higher RWC than 'Declaration', 'Penncross', and 'Putter'.
Significant differences in OA were detected among six cultivars exposed to drought stress for 14 d (Fig. 4) . OA of 'Penn A-4' and 'L-93' was significantly lower than 'Declaration' and 'Penncross'. No significant differences in OA were detected among 'Declaration', 'Independence', 'Penncross', and 'Putter'.
Evapotranspiration rates of well-watered plants varied among cultivars (Fig. 5) . 'L-93' generally had the lowest ET rate among the six cultivars, lower than 'Penncross' at 5 to 7 d, 'Penn A-4' at 10 to 11 d, and 'Declaration' at 10 to 11 d, 12 to 14 d, and 16 to 18 d. Significant declines in ET rates of droughtstressed plants were observed by 10 to 11 d in all cultivars. At 12 to 14 d of drought stress, 'Penn A-4' maintained significantly greater ET than 'Putter'. No cultivar difference in ET was observed on other treatment days.
Carbon isotope discrimination ratio (d Root characteristics. Root viability, expressed as TTC reduction, did not vary significantly among cultivars under wellwatered conditions (data not shown). However, root viability did vary among cultivars exposed to drought stress (Fig. 7) . 'Independence' maintained significantly higher root viability in the upper 20-cm soil layer compared with 'Penn A-4', 'Declaration', 'L-93', and 'Penncross' and in the lower 20 cm soil than all five other cultivars. No difference in root viability was detected among 'Penn A-4', 'Declaration', 'L-93', 'Putter', and 'Penncross' at either soil depth.
Total root length varied among cultivars under well-watered conditions, with 'Declaration', 'Penncross', and 'Putter' having longest root systems and 'L-93' had the shortest root system. Total root length of droughtstressed plants decreased significantly for 'Declaration' and 'Putter', which was 46% and 40% lower than the well-watered control plants, respectively (Fig. 8) . 'Penn A-4', 'Independence', and 'L-93' showed no significant decline in total root length under drought stress compared with their respective wellwatered control.
No cultivar variation in the number of roots was observed under well-watered con- ditions (Fig. 9) . Under drought stress, 'Penn A-4' had the most number of roots, which was significantly higher than 'Declaration' but not different from other cultivars. 'Declaration' exhibited significant decline in the number of roots under drought stress, whlrease other cultivars maintained the number of roots at their respective control level (Fig. 9 ).
Discussion
Quality ratings and leaf photochemical efficiency results demonstrated that 'Penn A-4', 'Independence', and 'L-93' were generally better able to maintain growth and metabolic activity under drought stress than the other three cultivars evaluated in the current study. The better drought resistance of the three newer bentgrass cultivars could be primarily attributed to drought avoidance traits such as reduced water use and improved rooting characteristics as discussed in details in the following section.
Leaf RWC is a widely used parameter to determine the level of internal water status. During a prolonged period of drought (14 d), drought-exposed 'Penn A-4', 'Independence', and 'L-93' had higher RWC than the other cultivars, with 'Penn A-4' and 'Independence' being significantly higher than 'Penncross' and 'Putter'. The maintenance of leaf water status is essential for continuation of physiological and biochemical functioning. Plants that can maintain adequate RWC for a longer period of time under drought exposure will have the greatest likelihood of continued metabolic functioning and survival. In the current study, higher RWC was associated positively with higher turf quality (R 2 = 0.8238) and leaf photochemical efficiency (R 2 = 0.7945), with 'Penn A-4' and 'Independence' rating highest in both parameters. This suggested that cultivars with greater drought resistance were able to maintain higher cellular hydration under drought conditions. Osmotic adjustment has been identified as a drought tolerance mechanism in many species (Bohnert et al., 1995; LaRosa et al., 1987) . Increasing OA facilitates the maintenance of cell turgor under conditions of limited water availability. In the present study, the two cultivars, 'Penn A-4' and 'L-93', that maintained higher RWC, turf quality, and leaf photochemical efficiency under drought stress had low OA. In contrast, 'Declaration' and 'Penncross', which did not perform well under drought stress, exhibited high levels of OA. These results suggest that OA was not a major mechanism for 'Penn A-4' and 'L-93' to tolerate drought stress, but was important for the survival of 'Declaration' and 'Penncross' under drought stress. The overall implication is that a particular species may use an important attribute such as OA, but that one mechanism alone will not necessarily predict comparative performance between cultivars.
The ability to maintain low ET rates has long been considered a trait for water conservation (Alves and Setter, 2000; Bacon et al., 1998; Kirkham, 1983) . Salaiz et al. (1991) found significant variability in ET rates among different cultivars when comparing water use of different creeping bentgrass cultivars under well-watered field conditions. Our study also found cultivar variation in ET under well-watered conditions with 'L-93' being the lowest water user. These results indicated there was a potential for developing creeping bentgrass cultivars with reduced water use under nonlimiting water environments. However, under drought stress, cultivar variations in ET diminished, suggesting that cultivar variation in drought resistance was not necessarily related to water use rates. Previous studies have also reported the lack of correlation between ET and drought resistance in creeping bentgrass (McCann and Huang, 2007) and other turfgrass species. Fernandez and Love (1993) compared cultivars of tall fescue and perennial ryegrass (Lolium perenne L.) and reported that some tall fescue cultivars with higher water use maintained higher turf quality under drought stress than some perennial ryegrass cultivars with lower water use rates. Another study has shown better performance of drought stresstolerant Kentucky bluegrass cultivars with higher water use compared with poorer performing cultivars that adapted to drought by decreasing water use (Bonos and Murphy, 1999) .
Carbon isotope discrimination (d 13 C) has been associated with plant water use efficiency (WUE). Plants under water stress have been shown to discriminate less against C 13 than C 12 in the photosynthetic reaction (Farquhar et al., 1989; Lambers et al., 1998 (Ebdon and Kopp, 2004; Ebdon et al., 1998) , tall fescue (Johnson, 1993; Johnson and Bassett, 1991) , and perennial ryegrass (Johnson and Bassett, 1991) . In the present study, cultivar variations in d 13 C were observed under both wellwatered and drought stress conditions. Under well-watered conditions, 'Penncross' had the lowest d
13
C and 'Declaration' had the highest d 13 C, suggesting that 'Penncross' had lower WUE than 'Declaration' under nonwaterlimiting conditions. Under drought stress, however, 'Penn A-4' had the highest d 13 C, suggesting that 'Penn A-4' may have maintained better growth and physiological functioning through other pathways such as cell membrane stability or by increasing antioxidant activity.
Rooting characteristics, including root viability, root length, and number, are important factors controlling water uptake of a root system. No cultivar variation in root viability was observed under well-watered conditions; however, 'Independence' maintained significantly higher root viability at the 20-to 40-cm soil depth than other cultivars, suggesting that 'Independence' may be better able to maintain higher turf quality, F v /F m , and RWC under drought conditions by avoiding drought stress through maintaining more active roots for water uptake. These results also suggest the importance of maintaining higher root viability in deeper soil profiles where water may be more available than the surface soil.
The variation in drought avoidance between different turfgrass species has also been associated with the total amount of roots in deeper soil profiles under drought stress (Ervin and Koski, 1998) . In our study, among the six cultivars compared, the three cultivars ('Penn A-4', 'Independence', and 'L-93') that showed the best turf quality performance had lower total root length than the other three cultivars under well-watered conditions. These same three cultivars showed only slight differences in total root length between well-watered and drought-stressed plants. However, 'Declaration', 'Penncross', and 'Putter' exhibited significant decline in total root length under drought conditions compared with their respective control. The data suggest an extensive root system under wellwatered conditions does not necessarily correlate to greater drought resistance. In addition, 'Penn A-4', the cultivar with the highest turf quality under drought stress, showed no significant change in root number between well-watered and drought stress conditions, whereas other cultivars exhibited some extent of decline in root number under drought stress, particularly 'Declaration'. It seems that those cultivars with greater drought sensitivity are the first to lose roots when water becomes limited. In contrast, drought-resistant cultivars, particularly 'Penn A-4', had the ability to maintain root elongation and production even when drought was imposed. These results further suggested that 'Penn A-4' may sustain growth under drought through avoiding drought by developing persistent, extensive root systems. In summary, our results demonstrated genetic variation in drought tolerance and drought avoidance characteristics in creeping bentgrass cultivars. The three newer cultivars, 'Penn A-4', 'Independence', and 'L-93', performed better than other three cultivars under drought conditions. The majority of physiological parameters evaluated suggested that creeping bentgrass cultivars that were better able to survive drought stress were mainly through some avoidance mechanisms such as maintaining higher WUE, root viability, root elongation, and production under drought stress. These parameters could be used as criteria to select for drought resistant bentgrass cultivars.
